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ABSTRACT
The lifetimes of 17 even-parity levels (3d5s, 3d4d, 3d6s, and 4p2) in the region 57743-
77837 cm−1 of singly ionised scandium (Sc ii) were measured by two-step time-resolved
laser induced fluorescence spectroscopy. Oscillator strengths of 57 lines from these
highly excited upper levels were derived using a hollow cathode discharge lamp and
a Fourier transform spectrometer. In addition, Hartree–Fock calculations where both
the main relativistic and core-polarisation effects were taken into account were carried
out for both low- and high-excitation levels. There is a good agreement for most of
the lines between our calculated branching fractions and the measurements of Lawler
and Dakin (1989) in the region 9000-45000 cm−1 for low excitation levels and with
our measurements for high excitation levels in the region 23500-63100 cm−1. This,
in turn, allowed us to combine the calculated branching fractions with the available
experimental lifetimes to determine semi-empirical oscillator strengths for a set of 380
E1 transitions in Sc ii. These oscillator strengths include the weak lines that were
used previously to derive the solar abundance of scandium. The solar abundance of
scandium is now estimated to log  = 3.04±0.13 using these semi-empirical oscillator
strengths to shift the values determined by Scott et al. (2015). The new estimated
abundance value is in agreement with the meteoritic value (log met = 3.05 ± 0.02) of
Lodders et al. (2009).
Key words: atomic data – methods: laboratory: atomic – methods: numerical – Sun:
abundances – techniques: spectroscopic
1 INTRODUCTION
The iron-group elements (21 ≤ Z ≤ 28) are produced during
supernova type Ia explosions, while supernova type II explo-
sions are responsible for the formation of α-elements such as
Mg, Si, S. The even-Z nuclei such as S, Ca, Ti, Cr, and Fe
have higher cosmic abundance compared to the odd-Z nu-
clei located in between because of the consecutive capture of
α-particles. The production of odd-Z elements is not as well
understood, and does not follow the abundance trends of
the α-elements, indicating non-common production mecha-
nisms. In recent years, this has caused an increasing interest
? E-mail: asli.pehlivan@mah.se (APR)
† E-mail: patrick.palmeri@umons.ac.be (PP)
in the odd-Z iron-peak elements in astrophysics. Abundance
determinations in stars constrain the stellar evolution and
supernova explosion models (Pagel 2009). Moreover, tran-
sitions from highly excited levels have additional diagnos-
tic value, since they can be used to benchmark non lo-
cal thermodynamical equilibrium (NLTE) modelling of stel-
lar atmospheres. Besides the development of 3D hydrody-
namic model atmospheres, a trustworthy NLTE treatment is
the current challenge for accurate stellar abundances. High-
precision atomic data for selected lines are important for this
development (Lind et al. 2012).
In the case of scandium (Z = 21), a realistic 3D NLTE
solar atmosphere model has been used by Scott et al. (2015)
to revise the solar abundance of scandium resulting in a
photospheric value in significant disagreement with the me-
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teoritic abundance (Lodders et al. 2009). Scott et al. (2015)
used experimental transition probabilities of five Sc i and
nine Sc ii lines determined by Lawler and Dakin (1989). The
latter authors combined their measured branching fractions
with the time-resolved laser induced fluorescence (TR-LIF)
lifetimes of Marsden et al. (1988) to obtain absolute A-values
for transitions depopulating 51 levels in Sc i and 18 levels
in Sc ii. In Marsden et al. (1988), only three highly-excited
even-parity levels of Sc ii, belonging to 3d4d 3G, were mea-
sured. Older lifetime measurements in singly ionised scan-
dium have focussed on lower excited odd-parity 3d4p and
4s4p levels (Buchta et al. 1971; Arnesen et al. 1976; Palenius
et al. 1976; Vogel et al. 1985). On the theoretical side, the
most recent calculations of E1 oscillator strengths in Sc ii
are Ruczkowski et al. (2014) and Kurucz (2011).
The main goal of the present work is to provide a new
set of experimental f -values for transitions depopulating the
highly-excited even-parity levels in Sc ii, and new calcula-
tions for both low- and high-excitation levels and lines. De-
scriptions of our measurements are presented in Section 2
and 3. The theoretical method used for the calculation of
the radiative parameters is described in Section 4. In Sec-
tion 5, our results are presented and compared to data avail-
able in the literature. The consequence of the proposed set
of oscillator strengths on the solar abundance of scandium
is discussed in Section 6. Finally, our conclusions are given
in Section 7.
2 LIFETIME MEASUREMENTS
The experimental set-up for the two-step Time-Resolved
Laser Induced Fluorescence (TR-LIF) measurements at the
Lund High Power Laser Facility has been described in detail
by Engstro¨m et al. (2014) and Lundberg et al. (2016). For
an overview we refer to Figure 1 in Lundberg et al. (2016),
and here we give only the most important details. A fre-
quency doubled Nd:YAG laser (Continuum Surelite) with
10 ns pulses was used to produce the free scandium ions by
focusing the light on a rotating solid scandium sample in
a vacuum chamber with a pressure around 10−4 mbar. The
ions in the plasma cone were crossed by two laser beams, a
few mm above the solid sample, generating the two-step ex-
citations. The fluorescence signal was detected in a direction
perpendicular to both the ablation and excitation lasers.
For the first step (4s-4p), we used a Continuum Nd - 60
dye laser with either DCM or Pyridine 2 dyes. The 10 ns long
pulses were frequency doubled using a KDP crystal, giving
the wavelengths needed for the first step. The second laser
system excited the final high energy levels. It consists of a
frequency doubled Continuum NY-82 Nd:YAG laser pump-
ing a Continuum Nd - 60 dye laser with either DCM or
Oxacin dye for wavelengths below or above 660 nm, respec-
tively. The pulse length was reduced from 10 ns to less than
one ns by stimulated Brillouin scattering. The output was
frequency doubled using a KDP crystal and, where higher
energy was needed, tripled with a BBO crystal.
For two step excitation, the timing between the pulses
is crucial. For this purpose, a delay generator ensures that
the second step is timed to when the population of the in-
termediate state is at its flat maximum as determined by
observing the decay of this level in another channel, see Fig-
ure 2 in Lundberg et al. (2016).
The fluorescence emitted by the scandium ions was
filtered by a 1/8 m grating monochromator with its 0.28
mm wide entrance slit oriented parallel to the excitation
laser beams. This fluorescence light was recorded using a
fast micro-channel-plate photomultiplier tube (Hamamatsu
R3809U) and digitised using a Tektronix DPO 7254 oscillo-
scope with 2.5 GHz analog bandwidth. We used the second
spectral order with a 0.5 nm observed line width for all mea-
surements. The excitation laser pulse shape was recorded
simultaneously using a fast photo diode and digitised by an-
other channel of the oscilloscope. All decay curves were aver-
aged over 1000 laser pulses and analysed using the DECFIT
software (Palmeri et al. 2008) by fitting a single exponential
function convoluted by the measured shape of the second-
step laser pulse and a background function to the observed
decay.
The excitation schemes of the measured Sc ii levels are
presented in Table 1. This table shows the intermediate lev-
els and their excitation wavelengths, the final levels and their
excitation wavelengths from the intermediate levels together
with the detection channel level and wavelength. For the lev-
els 4d 3S1, 4d
1D2 and 4p
2 3P2, it was possible to record the
the decay in more than one channel. We did not find any dif-
ferences in the lifetimes obtained from the different channels.
Sc ii is a complex spectrum with a dense level structure, as
shown in Figure 1. Line blending can be caused by cascades
or fluorescence from the intermediate level as discussed by
Lundberg et al. (2016). For all measurements, we investi-
gated if there was a line blend affecting the recorded curves.
Due to the small spectral width of the laser compared to the
energy level separations, we avoid exciting multiple levels.
To investigate any possible saturation effects in the sec-
ond step excitation, a set of neutral density filters was placed
in the excitation beam. The delay between the ablation and
first excitation pulse, the geometrical alignment of the lasers
in respect to the target as well as the intensity of the ablation
laser were varied to test time-of-flight effects. No systematic
effects were observed.
As discussed in Palmeri et al. (2008), the weighting of
individual data points, hence the purely statistical uncer-
tainty in the fitted lifetime, is difficult to estimate accu-
rately because the digitising process is not strictly a count-
ing measurement. However, extensive tests have shown that
even for weak lines the dominating factor is the variation
between different measurements. The uncertainty in Table 2
represents the uncertainty of 10-20 measurements performed
over several days. The difference between subsequent curves
is significantly lower than the quoted uncertainty, usually
less than 1%.
3 BRANCHING FRACTION
MEASUREMENTS
A water-cooled hollow cathode discharge lamp (HCL) was
used to produce the free scandium ions. The lamp has an iron
cathode with anodes on each side, separated by glass cylin-
ders. A small piece of scandium was placed in the cathode.
We used argon, with a pressure of 0.3 Torr, as a buffer gas
and applied currents ranging from 0.2 to 0.5 A. These mea-
surements at different currents are very important to find
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and compensate for self-absorption effects. If self-absorption
is not treated correctly, the measured relative line intensity
may be less than the true intensity of the line. This in turn
changes the branching fraction which is essential to derive
oscillator strengths. Self-absorption was observed in the case
of the 3d4d 3D3, 3d4d 3S1, and 3d4d 3P2 levels, and the af-
fected lines were corrected. More details on this procedure
can be found in Pehlivan et al. (2015).
The spectra were recorded with the vacuum ultraviolet
Fourier transform spectrometer (VUV FTS) at the Black-
ett Laboratory, Imperial College London (Pickering, J.C.
2002) in the interval 23500 − 63100 cm−1 (425 − 158 nm) us-
ing a resolution of 0.039 cm−1. We used two different photo-
multiplier tube detectors: Hamamatsu R7154 and R11568,
the latter with a UG5 filter. Each scandium measurement
consists of 12 co-added scans. To determine the relative re-
sponse functions of the system, we used standard lamps:
a tungsten filament lamp (800 − 300 nm) and a deuterium
lamp (410 − 116 nm) for the wavelength region (425 − 210
nm), and a deuterium standard lamp alone for the region
(317 − 158 nm). The tungsten lamp was calibrated by the
UK National Physical Laboratory and the deuterium lamp
by Physikalisch-Technische Bundesanstalt, in Berlin. In the
region where the lamps overlap, the response functions were
placed on the same relative scale. We recorded the spectrum
of the calibration lamps immediately before and after each
scandium measurement. The HCL and the calibration lamps
were placed at the same distances from the FTS, and a mir-
ror was used to select the light source without moving the
lamps.
In astrophysics, oscillator strengths ( f -values) or
log(g f ) values are the parameters used for abundance analy-
sis. The f -value is proportional to the transition probability
for E1 transitions by
f =
gu
gl
λ2Aul1.499 × 10−16, (1)
where gu is the statistical weight of the upper level, gl the
statistical weight of the lower level, λ the wavelength of the
transition in A˚, and Aul the transition probability in s−1.
The transition probability is related to the branching
fraction (BF) and the lifetime of the upper level (τu). It can
be derived using
Aul =
BFul
τu
. (2)
We obtained the lifetimes of the upper levels from our mea-
surements, as discussed in Section 2. The BF is the parame-
ter we measure and it is defined as the transition probability
of the line, Aul, divided by the sum of transition probabilities
of all lines from the same upper level;
BFul =
Aul∑
i Aui
=
Iul∑
i Iui
. (3)
Since all lines emanate from the same upper level, the tran-
sition probability is proportional to the line intensity, Iul,
which for FTS spectra is proportional to photon flux (Davis
S.P. et al. 2001). Therefore, we derived BFs from calibrated
intensity ratios in our measurements. All lines were identi-
fied using the analysis of Johansson and Litze´n (1980). The
intensities of the observed lines were determined by fitting
Gaussian line profiles using GFit (Engstro¨m 1998, 2014).
The uncertainty of the A-value, and thus of the f -value,
arises from the uncertainty in the upper level lifetime and the
uncertainty of the BF. The latter includes the uncertainty
in the intensity calibration procedure and the uncertainty
in the measured line intensity, including the self-absorption
correction. The uncertainties of the integrated line intensi-
ties were determined using GFit. The relative uncertainties
are as low as 0.1% for strong lines and 4% on average. How-
ever, for two weak lines the uncertainty is as large as 20%.
The uncertainty in the calibration using the tungsten lamp
is 2.2% and the uncertainty using the deuterium lamp is
8.6% for the region 425− 210 nm and 9.9% between 317 and
158 nm. These calibration lamp uncertainties include the
calibration uncertainty and the variation resulting from the
repeated measurements made before and after all scandium
scans. The uncertainties of the radiative lifetimes are given
in Table 2. Finally, we were not able to observe the weakest
lines from the investigated level. However, we included their
contributions as residuals with derived theoretical BFs from
our calculations. The residual BFs are less than 7% for all
levels. The uncertainties in the residuals were estimated to
50% and included in the error budget. The final uncertainties
in the oscillator strengths are presented in Table 3 and were
derived from the individual contributions using the method
described by Sikstro¨m et al. (2002).
4 RADIATIVE PARAMETER CALCULATIONS
To calculate branching fractions and the oscillator strengths
in Sc ii, we used the relativistic Hartree–Fock (HFR) method
implemented in the Cowan’s suite of atomic structure com-
puter codes (Cowan 1981). It is modified by including a
pseudo-potential and a correction to the electric dipole oper-
ator that take into account the core-polarisation effects giv-
ing rise to the HFR+CPOL technique (Quinet et al. 1999).
In this study, the valence-valence correlation was in-
cluded using the following configuration interaction (CI) ex-
pansions: 3d4s + 3d5s + 3d6s + 3d7s + 3d2 + 3d4d + 3d5d
+ 3d6d + 3d7d + 3d5g + 3d6g + 3d7g + 4s2+4s5s + 4s6s +
4s7s + 4s4d + 4s5d + 4s6d + 4s7d + 4s5g + 4s6g + 4s7g +
4p2 + 4d2 + 4f2 + 4p4f for the even parity; 3d4p + 3d5p +
3d6p + 3d7p + 3d4f + 3d5f + 3d6f + 3d7f + 3d6h + 3d7h +
4s4p + 4s5p + 4s6p + 4s7p + 4s4f + 4s5f + 4s6f + 4s7f +
4s6h + 4s7h + 4p4d + 4d4f for the odd parity.
Regarding the core-polarisation effects, a Sc iv 3p6
closed-subshell ionic core was considered where the dipole
polarisability, αd = 2.129 a30 was taken from the RRPA cal-
culations of Johnson et al. (1983) and a cut-off radius of 1.17
a0 was estimated as the HFR mean radius of the outermost
3p orbital, 〈3p|r |3p〉HFR.
During a least-squares-fit procedure, we adjusted some
radial integrals to minimise the discrepancies between the
hamiltonian eigenvalues and the experimental energy levels
taken from the NIST Atomic Spectra Database (Kramida
et al. 2015). The latter are based on the term analysis orig-
inally carried out by Russell and Meggers (1927) and later
revised by Neufeld (1970) and by Johansson and Litze´n
(1980). There are 168 levels belonging to the configurations
3d4s, 3d2, 3d4p, 4s4p, 3d5s, 3d4d, 3d5p, 4p2, 3d4f, 3d6s, 4s5s,
3d5d, 4s4d, 3d5f, 3d5g, 3d7s, 3d6d, and 3d6f. The average
energies, Eav, of the above-mentioned known configurations
along with their direct, Fk , exchange, Gk , electrostatic and
MNRAS 000, 1–27 (2017)
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spin-orbit, ζ , radial parameters were considered in the fit of
the energy levels. The ab initio and fitted parameter values
are reported in Tables 4 and 5 for the even and odd configu-
rations, respectively. The spin-orbit integrals not presented
in these tables were fixed to their HFR+CPOL values. The
other Slater integrals, including the CI Rk parameters, not
reported here, were fixed to 80% of their ab initio values
to account for missing CI effects (Cowan 1981). The aver-
age deviations of the least-squares-fits were 157 cm−1 for the
93 even-parity experimental levels and 65 cm−1 for the 75
odd-parity experimental levels.
5 RESULTS AND DISCUSSION
Table 2 compares our TR-LIF and HFR+CPOL lifetimes
with other experimental values from the literature (Buchta
et al. 1971; Arnesen et al. 1976; Palenius et al. 1976; Vo-
gel et al. 1985; Marsden et al. 1988), the Hartree-Fock val-
ues calculated by Kurucz (2011) and the lifetimes deduced
from the semi-empirical oscillator strengths calculated by
Ruczkowski et al. (2014). On average, our HFR+CPOL life-
times are shorter than the measurements for the odd-parity
levels and longer for the even-parity levels. The discrepan-
cies range from a few percent to about 20%, except for the
even-parity levels 4p2 1D2 and 3d6s 3D3 where they reach
57% and 49%, respectively. In the former case, this state is
strongly mixed (our calculation gives 36% 4p2 1D2 + 36%
4s4d 1D2 + 23% 3d6s 1D2) and an important decay channel
(4p2 1D2 → 3d4p 1Do2 BF = 0.0713) is affected by cancel-
lation (the cancellation factor as defined by Cowan (1981)
is less than 5%) that could explain the over estimated life-
time. Concerning 3d6s 3D3 level, no such argument could
explain the observed disagreement. The beam-foil measure-
ments of Buchta et al. (1971) can be rejected for the lev-
els 3d4p 3Do3,
1 Po1,
1 Fo3 as previously stated by Marsden et al.
(1988) due to blending problems.
The calculations by Kurucz (2011) show roughly the
same systematic discrepancy with experiment (lifetimes
shorter for the odd parity and longer for the even parity) as
our HFR+CPOL calculations. Although the calculation of
Kurucz (2011) shows a better agreement than HFR+CPOL
for certain 3d4d levels (3F2,4, 1D2, 3P2), it does not solve
the theory-experiment disagreements observed for the lev-
els 4p2 1D2 and 3d6s 3D3. The parametric calculation of
Ruczkowski et al. (2014) agrees with our HFR+CPOL model
within 10% including all levels. Unfortunately, no lifetime
value can be deduced from Ruczkowski et al. (2014) for the
levels 4p2 1D2 and 3d6s 3D3. Concerning the level 3d4d 3G3,
our TR-LIF measurement is slightly lower than the one of
Marsden et al. (1988) although the error bars do overlap.
For all 3d4p levels, our HFR+CPOL model and the
parametric calculation of Ruczkowski et al. (2014) are closer
to the measurement of Marsden et al. (1988). The excellent
agreement between Marsden et al. (1988) and Ruczkowski et
al. (2014) is not surprising as the latter adjusted the dipole
transition integrals to the oscillator strengths determined
from the branching fraction measurements of Lawler and
Dakin (1989) combined with the lifetime measurements of
Marsden et al. (1988). For most of the higher levels, the
lifetimes calculated by Kurucz (2011) are closer to our mea-
surements than those of Ruczkowski et al. (2014).
Although there is a systematic discrepancy between
the theoretical and experimental lifetimes, we find a bet-
ter agreement when comparing our calculated BFs with the
experimental values. For the high excitation lines, measured
in this work, the averaged BF ratio is 1.02 ± 0.16 with re-
spect to the calculated values. Similarly, Figure 2 shows the
good agreement between BFs computed in this study using
the HFR+CPOL method and the measurements by Lawler
and Dakin (1989). Here, the averaged BF ratio is 0.98±0.20.
Based on these comparisons, the calculated BFs were com-
bined with our TR-LIF lifetimes and those of Marsden et
al. (1988) to determine rescaled transition probabilities and
oscillator strengths.
In Table 3, we present our experimental log(g f ) val-
ues, together with the measured BFs, the uncertainties and
the corresponding rescaled theoretical oscillator strengths,
log(g f )resc. Figure 3 illustrates the final agreement be-
tween our experimental log(g f ) values and the calculated
log(g f )resc. Table 6 summarises our calculated radiative
parameters along with the weighted transition probabili-
ties (gA), the weighted oscillator strengths in the log scale
(log(g f )), the HFR+CPOL branching fractions (BF), and
the cancellation factor (CF) as defined by Cowan (1981).
Our rescaled theoretical oscillator strengths are com-
pared to the semi-empirical values calculated by Ruczkowski
et al. (2014) in Figure 4. As expected, the scatter in-
creases for the weak lines, i.e. the transitions with log(g f ) .
−1, where cancellation effects could be an issue. For in-
stance, the transition 3d4p 3Po2 − 4p2 3P2 labelled in Table 6
76589(e)2 − 29824(o)2 has a very low cancellation factor
(CF = 0.001) that indicates a strong cancellation effect in our
HFR+CPOL line strength calculation. Indeed, the rescaled
oscillator strength for that transition is log(g f )resc = −2.83
which is three orders of magnitude lower (in the linear
scale) than the value predicted by Ruczkowski et al. (2014)
(log(g f ) = −0.02). On the other hand, a transition for which
the cancellation effects in our model is not an issue (CF >
0.05) such as 3d4p 3Fo3 − 3d4d 3F4 (63529(e)4−27602(o)3) has
an oscillator strength predicted by Ruczkowski et al. (2014)
(log(g f ) = −3.35) that is two orders of magnitude lower than
our rescaled value (log(g f )resc = −1.44). This could indi-
cate a strong cancellation effect in their calculation. Unfor-
tunately, they did not estimate any cancellation factors. For
the strongest transitions, i.e. log(g f ) & −1, the mean scatter
drops to about 20% in the linear scale.
In Figure 5, our semi-empirical values are compared to
the calculation of Kurucz (2011) where a similar global cor-
relation is observed. The mean scatter in this case is also
found to be ∼20% for transitions with log(g f ) & −1 and in-
creases for weaker lines. Here again, the cancellation factors
are not available in Kurucz’s database (Kurucz 2011). But,
for example, our predicted strong line 3d5p 3Fo3 − 3d6s 3D3
(77387(e)3 − 66564(o)3) with log(g f )resc = 0.16 and CF =
0.379 is certainly affected by a strong cancellation effect in
the calculation of Kurucz (2011) dramatically lowering its
oscillator strength to log(g f ) = −2.56.
Based on the differences between different sets of BFs
discussed above and including the uncertainties of the exper-
imental lifetimes, we estimate the accuracy of the rescaled
theoretical f -values to be 10% for the strong lines and
15 − 20% for other lines.
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6 CONSEQUENCE ON THE SOLAR
ABUNDANCE OF SCANDIUM
Scott et al. (2015) have redetermined the solar abundances
of the iron-peak elements employing a 3D model atmo-
sphere that takes into account departures from the local
thermodynamic equilibrium. However, the significant dis-
crepancy between the photospheric and the meteoritic abun-
dances (Lodders et al. 2009) still remains for scandium with
log  = 3.16 ± 0.04 and log met = 3.05 ± 0.02.
The Sc ii lines used in Scott et al. (2015) for the de-
termination of the solar abundance of scandium are pre-
sented in Table 7. These lines are from low-excited levels
measured by Lawler and Dakin (1989) but not included in
our present study. The third column of this table contains
the oscillator strengths deduced from the A-values of Lawler
and Dakin (1989) used by Scott et al. (2015) to determine
the photospheric abundances listed in sixth column. They
are compared to our rescaled oscillator strengths reported
in the fourth column and the differences between the two
values are given in the log scale in the fifth column. For this
set of solar lines, our oscillator strengths are systematically
larger than those of Lawler and Dakin (1989) by ∼0.1 dex on
average, if we exclude the transition 3d2 1D2 − 3d4p 1Do2 for
which our f -value is affected by strong cancellation effects.
Column seven in Table 7 gives the abundances obtained from
each line, assuming they are all lying on the linear part of
the curve of growth (see the upper left panel of Figure 3 in
Scott et al. (2015)), with our new g f -values.
The weighted average along with the corresponding
weighted standard deviation of the abundance were deter-
mined using the weights of Scott et al. (2015), reported in
the last column of Table 7. Their weights range from one to
three and are based on the line quality for abundance deter-
mination. Discarding the line 3d2 1D2 − 3d4p 1Do2 from the
mean estimate, one obtains log cor = 3.04± 0.13 (where the
second number is the standard deviation) for the corrected
photospheric abundance, now in good agreement with the
meteoritic value of Lodders et al. (2009). Even if we reject
the transition 3d2 3F4 − 3d4p 3Fo3 for which there is a fac-
tor of two difference between our rescaled f -value and the
experimental value of Lawler and Dakin (1989), the mean
log cor = 3.10 ± 0.05 is still in accord with the meteoritic
value. Moreover, considering the full line set does not change
the agreement (log cor = 3.07 ± 0.17). Finally we note that,
all these weighted average abundances agree within the mu-
tual error bars with the value determined by Scott et al.
(2015) using only Sc i lines (log  = 3.14 ± 0.09).
Replacing our f -value set by the one of Kurucz (2011)
will not change this accord either (log kur = 3.10 ± 0.09).
This is not the case for the set of Ruczkowski et al.
(2014). Indeed, the photospheric abundance would be es-
timated significantly too high with respect to the mete-
oritic value, i.e. log ruc = 3.44 ± 0.31. Even if the transition
3d2 3F4 − 3d4p 3Fo3 for which the oscillator strength calcu-
lated by Ruczkowski et al. (2014) (log(g f )ruc = −3.28) is
one order of magnitude lower than the experimental value
of Lawler and Dakin (1989) is excluded, this would not sig-
nificantly improve the situation (log ruc = 3.29 ± 0.01).
It should be noted, however, that the lines used for these
studies are weak, see Figure 6. Their BFs are less than 5%
except for λ566.904 having ∼ 10%. These small BFs make it
difficult to measure and calculate with high accuracy. The
real uncertainty might thus be larger than the observed scat-
ter.
7 CONCLUSIONS
New TR-LIF lifetimes were measured using two-step exci-
tation schemes in Sc ii. These measurements extend the set
of available experimental values with 17 even-parity levels
belonging to the excited configurations 3d5s, 3d4d, 4p2 and
3d6s. We measured 57 BFs from these upper levels using
a HCL and a FTS. By combining the BFs with the mea-
sured lifetimes, we derived log(g f ) values from these highly-
excited levels. A Hartree-Fock model that includes the main
relativistic interactions along with the core-polarisation ef-
fects (HFR+CPOL) was used to determine the branching
fractions and the oscillator strengths. The comparison be-
tween our HFR+CPOL and TR-LIF lifetimes along with
those found in the literature (Buchta et al. 1971; Arnesen
et al. 1976; Palenius et al. 1976; Vogel et al. 1985; Mars-
den et al. 1988; Ruczkowski et al. 2014; Kurucz 2011) shows
generally a good agreement ranging from a few percent to
20% with the notable exceptions of the even-parity levels
4p2 1D2 and 3d6s 3D3. The former discrepancy may be due
to a cancellation effect that lengthens the HFR+CPOL life-
time. Owing to the good agreement (∼20%) obtained with
the experimental branching fractions of Lawler and Dakin
(1989) for low-excitation levels and ours for high-excitation
levels, the HFR+CPOL branching fractions were combined
with our TR-LIF lifetimes and the experimental values of
Marsden et al. (1988) to obtain rescaled semi-empirical os-
cillator strengths for all the 380 E1 transitions depopulat-
ing the 34 fine-structure levels for which TR-LIF lifetimes
are available. This new set of oscillator strengths were com-
pared to the parametric calculation of Ruczkowski et al.
(2014) and to the Hartree-Fock values of Kurucz (2011). In
both cases, the mean scatters were ∼20% for the strong lines
(log(g f ) & −1) giving an estimate of the accuracy for these
radiative parameters. Finally, the solar abundance of scan-
dium was estimated to log  = 3.04±0.13 using our rescaled
semi-empirical oscillator strengths to correct the values de-
termined in the recent study of Scott et al. (2015). This
value is in improved agreement with the meteoritic value
(log met = 3.05 ± 0.02) of Lodders et al. (2009).
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Figure 1. Partial energy level diagram of Sc ii, the energy level values are from Johansson and Litze´n (1980). Each box consists of several
levels.
Figure 2. Comparison between the HFR+CPOL branching frac-
tions of this work and the experimental values of Lawler and
Dakin (1989). The straight line of equality has been drawn.
Figure 3. Comparison between the oscillator strengths deter-
mined by the combination of the HFR+CPOL branching fractions
and the TR-LIF lifetimes of this work and the experimental oscil-
lator strengths derived in this work. The straight line of equality
has been drawn.
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Figure 4. Comparison between the oscillator strengths deter-
mined by the combination of the HFR+CPOL branching fractions
and the TR-LIF lifetimes (This Work) and the semi-empirical os-
cillator strengths calculated by Ruczkowski et al. (2014) (RUCZ).
The straight line of equality has been drawn.
Figure 5. Comparison between the oscillator strengths deter-
mined by the combination of the HFR+CPOL branching frac-
tions and the TR-LIF lifetimes (This Work) and the oscillator
strengths calculated by Kurucz (2011) (KUR). The straight line
of equality has been drawn.
Figure 6. Comparison between the HFR+CPOL branching frac-
tions and the experimental values of Lawler and Dakin (1989) for
the Sc ii lines used in the determination of the solar scandium
abundance. The straight line of equality has been drawn.
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Table 4. Radial parameters adopted in the HFR+CPOL calcu-
lations for the even-parity configurations of Sc ii. The parameters
not listed here have been fixed to their ab initio values or to 80%
of their HFR+CPOL values for the electrostatic integrals.
Config. Parameter Ab initio Fitted Ratio Notea
(cm−1) (cm−1)
3d4s Eav 1075 1137
ζ3d 83 72 0.87
G2(3d4s) 11351 9883 0.87
3d5s Eav 57881 58144
ζ3d 87 79 0.91
G2(3d5s) 2071 1851 0.89
3d6s Eav 77397 77497
ζ3d 88 82 0.93
G2(3d6s) 789 631 0.80 F
3d7s Eav 86487 86549
ζ3d 88 69 0.78
G2(3d7s) 393 314 0.80 F
3d2 Eav 11721 9531
F2(3d3d) 49657 37346 0.75
F4(3d3d) 30556 22011 0.72
α 0 64
β 0 -962
T 0 3
ζ3d 65 59 0.91
3d4d Eav 62210 62852
ζ3d 87 79 0.91
ζ4d 8 8 1.00 F
F2(3d4d) 7539 5977 0.79
F4(3d4d) 3599 2816 0.78
G0(3d4d) 6862 2467 0.36
G2(3d4d) 4352 3238 0.74
G4(3d4d) 2927 2327 0.80
3d5d Eav 79393 79170
ζ3d 87 86 0.99
ζ5d 3 3 1.00 F
F2(3d5d) 2896 2158 0.75
F4(3d5d) 1388 1099 0.79
G0(3d5d) 2416 1008 0.42 R
G2(3d5d) 1640 684 0.42 R
G4(3d5d) 1122 469 0.42 R
3d6d Eav 87550 87894
ζ3d 88 88 1.00 F
ζ6d 2 2 1.00 F
F2(3d6d) 1458 1166 0.80 F
F4(3d6d) 705 564 0.80 F
G0(3d6d) 1176 941 0.80 F
G2(3d6d) 822 658 0.80 F
G4(3d6d) 571 454 0.80 F
3d5g Eav 85492 85761
ζ3d 88 78 0.89
ζ5g 0 0 1.00 F
F2(3d5g) 465 420 0.90
F4(3d5g) 42 34 0.81
G2(3d5g) 6 5 0.80 F
G4(3d5g) 4 3 0.80 F
G6(3d5g) 2 2 0.80 F
Table 4. Continued.
Config. Parameter Ab initio Fitted Ratio Notea
(cm−1) (cm−1)
4s2 Eav 16845 16876
4s5s Eav 78974 79141
G0(4s5s) 2341 1765 0.75
4s4d Eav 83034 82930
ζ4d 9 9 1.00 F
G2(4s4d) 6830 5464 0.80 F
4p2 Eav 77789 80625
F2(4p4p) 28516 29802 1.05
ζ4p 199 253 1.27
a F and R stand for, respectively, a fixed parameter value and a
fixed ratio between these parameters.
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Table 5. Radial parameters adopted in the HFR+CPOL calcu-
lations for the odd-parity configurations of Sc ii. The parameters
not listed here have been fixed to their ab initio values or to 80%
of their HFR+CPOL values for the electrostatic integrals.
Config. Parameter Ab initio Fitted Ratio Notea
(cm−1) (cm−1)
3d4p Eav 28207 28996
ζ3d 85 91 1.07
ζ4p 146 162 1.11
F2(3d4p) 14647 12024 0.82
G1(3d4p) 6709 6289 0.94
G3(3d4p) 5361 4338 0.81
3d5p Eav 66759 66915
ζ3d 87 73 0.84
ζ5p 50 50 1.00 F
F2(3d5p) 4168 3375 0.81
G1(3d5p) 1560 1397 0.90
G3(3d5p) 1380 900 0.65
3d4f Eav 75021 75609
ζ3d 88 74 0.84
ζ4 f 0 0 1.00 F
F2(3d4 f ) 2127 1766 0.83
F4(3d4 f ) 514 367 0.71
G1(3d4 f ) 420 354 0.84
G3(3d4 f ) 242 194 0.80 F
G5(3d4 f ) 166 133 0.80 F
3d5f Eav 85220 85564
ζ3d 88 91 1.03
ζ5 f 0 0 1.00 F
F2(3d5 f ) 1051 841 0.80 F
F4(3d5 f ) 296 238 0.80 F
G1(3d5 f ) 289 232 0.80 F
G3(3d5 f ) 168 135 0.80 F
G5(3d5 f ) 116 93 0.80 F
3d6f Eav 90728 91031
ζ3d 88 88 1.00 F
ζ6 f 0 0 1.00 F
F2(3d6 f ) 597 478 0.80 F
F4(3d6 f ) 181 145 0.80 F
G1(3d6 f ) 188 151 0.80 F
G3(3d6 f ) 111 88 0.80 F
G5(3d6 f ) 76 61 0.80 F
4s4p Eav 41287 43719
ζ4p 197 242 1.23
G1(4s4p) 37326 27686 0.74
a F stands for a fixed parameter value.
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